Abstract Gut health is very important to get maximum returns in terms of weight gain and egg production. Enteric diseases such as poult enteritis complex (PEC) in turkeys do not allow their production potential to be achieved to its maximum. A number of viruses, bacteria, and protozoa have been implicated but the primary etiology has not been definitively established. Previously, electron microscopy was used to detect the presence of enteric viruses, which were identified solely on the basis of their morphology. With the advent of rapid molecular diagnostic methods and next generation nucleic acid sequencing, researchers have made long strides in identification and characterization of viruses associated with PEC. The molecular techniques have also helped us in identification of pathogens which were previously not known. Regional and national surveys have revealed the presence of several different enteric viruses in PEC including rotavirus, astrovirus, reovirus and coronavirus either alone or in combination. There may still be unknown pathogens that may directly or indirectly play a role in enteritis in turkeys. This review will focus on the role of turkey coronavirus, rotavirus, reovirus, and astrovirus in turkey enteritis.
Introduction
Several intestinal diseases have been described in turkeys over the years namely, coronaviral enteritis of turkeys, maldigestion syndrome, runting and stunting syndrome of turkeys, poult malabsorption syndrome, poult enteritis and mortality syndrome (PEMS), spiking mortality of turkeys, and turkey viral enteritis. All these syndromes have been included in poult enteritis complex (PEC), a general term that describes infectious intestinal diseases of young turkeys [6] . The PEC is an economically important disease of young turkeys characterized by enteritis, diarrhoea, moderate to marked growth depression, impaired feed utilization, poor weight gain, and in some cases, high mortality as in PEMS [6] . A number of viruses (coronavirus, calicivirus, reovirus, astrovirus, rotavirus, picornavirus, picobirnavirus, parvovirus, and adenovirus), bacteria (Escherichia coli, Salmonella spp., Clostridia, Campylobacter, and Enterococcus) and protozoa (coccidia and cryptosporidium) have been implicated in PEC [6, 18, 47, 73, 105, 109] . Recently, two new syndromes have been described in Minnesota turkeys namely, the 'poult enteritis syndrome' or PES and 'light turkey syndrome' or LTS. The PES is an infectious intestinal disease of young turkeys between 1 day and 7 weeks of age and is characterized by diarrhoea, depression, and lethargy with pale intestines and/or excessively fluid cecal contents [47] . The LTS is a problem of market age turkeys having lower body weight as compared to their standard breed character [68] .We believe that enteritis in poults at a young age sets up conditions for future development of LTS in older birds. In addition, we consider both PES and LTS as a part of PEC.
Enteric viruses are a common cause of primary damage to the gastro-intestinal (GI) tract of young poults thereby providing a conducive environment to bacteria and/or protozoa to grow, and cause further damage to the gut. It is possible that damage caused to the gut initially by enteric viruses and subsequently by secondary pathogens may lead to irreversible changes to the host, which may lead to decreased body weight at marketing. The purpose of this review is to discuss in detail the four most important viruses causing turkey enteritis namely, coronavirus, reovirus, rotavirus, and astrovirus.
Coronavirus
Coronaviral enteritis of turkey is an acute, contagious disease characterized by dullness, depression, diarrhoea and decreased body weight gain. The disease was first described in the 1940s in Washington State, USA. The causative agent was not identified and the disease was named as 'mud fever'. However, with the identification of turkey coronavirus (TCoV) from these cases, the name was changed to 'coronaviral enteritis of turkeys'. This disease had the most devastating effects in Minnesota turkeys in 1970s. Steps were initiated for disease eradication which led to elimination of this virus from Minnesota. Presently, TCoV is reported sporadically from turkey-producing regions of North America and other countries. The TCoV is also associated with PEMS, which is an acute, highly contagious enteric disease characterized by depression, anorexia, diarrhoea, and high mortality in turkeys.
Genome
The coronaviruses are pleomorphic enveloped particles, roughly spherical, with diameters ranging from 50 to 200 nm. According to the latest proposal of the International Committee on Taxonomy of Viruses (ICTV), the family Coronaviridae includes two sub-families, Coronavirinae and Torovirinae. The Coronavirinae comprises of three genera, Alphacoronavirus, Betacoronavirus and Gammacoronavirus [54] of which the latter includes coronaviruses of birds. The coronavirus genome consists of positive sense single stranded RNA. The full-length genome is 27,632 nucleotides plus the 3 0 poly (A) tail. There are two open reading frames (ORFs), ORFs 1a and 1b, which reside in the first two-thirds of the genome with nine additional ORFs downstream. The region between the membrane (M) and nucleocapsid (N) protein genes contains three potential small ORFs: (1) ORF-X, (2) a previously uncharacterized ORF with an associated putative TRS within the M gene (apparently shared among all group III coronaviruses), and (3) previously described ORFs 5a and 5b. The TCoV does not contain the gene for hemagglutinin-esterase [29] .
Variability in different gene segments of TCoV has been reported. Comparison of sequences of entire 3 0 -end structural protein encoding region of four TCoV with the corresponding sequences of infectious bronchitis virus (IBV) revealed that TCoV probably shared the same origin with that of IBV and acquired S gene sequences for turkey intestine tropism during the process of evolution [61] . Lin et al. [60] reported that S protein sequence of TCoV had only 33.8-33.9 % of identity with IBV even though both viruses clustered on the same genomic lineage. The fulllength spike (S) gene sequences of French origin TCoV shared 98 % identity at both the nucleotide and amino acid levels among themselves [65] . However, these viruses showed 65 and 60 % similarity with North American TCoVs and 50 and 37 % similarity with IBV at the nucleotide and amino acid levels, respectively.
Incidence and distribution
Unlike the generally undefined viral enteric disease syndromes, TCoV-enteritis can be directly attributed to an infection with TCoV [35, 38, 41] . TCoV has worldwide distribution and has been detected in enteritis-affected turkeys from North America, South America and Europe [34, 59, 65, 70, 98] . As much as 37 % of intestinal samples from diseased turkey flocks in Europe were found positive for TCoV [65] . In a recent study from Brazil, most of the intestinal samples obtained from both enteritis-affected and non-affected turkeys were found positive for TCoV [70] . In this study, 55.3 % of TCoV-positive samples were also positive for other enteric viruses. Recently, outbreaks of coronaviral enteritis have been reported from Arkansas and North Carolina in the USA with severe diarrhoea and mortality [19, 83, 100, 106] indicating the importance of continuous epidemiological surveillance for this virus. TCoV appears to be absent from non-PEMS syndromes of PEC [44, 45, 62, 68, 75, 105] . For example, no coronavirus was detected when 2,400 samples from poults showing clinical signs of enteritis were tested in California [105] . Similarly, in a study of 33 enteritis-affected turkey flocks in the US, Pantin-Jackwood et al. [75] did not find any TCoV. We also did not find any TCoV in cases of PES and LTS [44, 45, 68] .
The TCoV can affect birds of any age group but causes high mortality in young turkey poults of 1-4 weeks of age. Mortality ranges from less than 10 to 50 %. Turkeys appear to be the only natural host of TCoV; on experimental inoculation, TCoV caused disease in poults but not in chickens [42] . Replication of TCoV occurs in enterocytes lining the apical portion of intestinal villi. Destruction of intestinal villus epithelium leads to diarrhoea, maldigestion, and malabsorption, which may lead to decreased weight gain in turkey poults.
Transmission
The virus is present mainly in the intestine and faeces of affected poults, hence the virus transmission is via the faecal oral route. Direct transmission occurs through direct contact with infected birds while indirect transmission occurs by mechanical means via workers and/or contaminated equipment. However, in an experimental study TCoV antigen could also be detected in the paranasal sinus and lachrymal accessory gland (Harderian gland) of infected poults for up to 14 days post-inoculation [33] . The virus is shed in the faeces of turkeys for many weeks after recovery from clinical disease. Most infections occur during summer (May-August) with sporadic occurrences in autumn. TCoV can survive for a prolonged period and can be transmitted easily between poultry farms in a cool environment.
Clinical signs and pathology
Turkey poults affected with TCoV huddle together and show ruffled feathers, decreased feed and water intake, wet droppings, and loss of body weight. Older birds may exhibit depression, diarrhoea and stunting [34] . Droppings are watery and frothy, may contain mucus, and are green to brown in color. The clinical signs may persist for up to 2 weeks and recovery of weight, if achieved, may take several weeks. Laying birds experience a drop in egg production [3] with abnormal pigmentation of eggs. Birds between 1 and 4 weeks of age that show diarrhoea, dehydration and growth depression of 40 % or more are considered to be experiencing PEMS. There are two forms of PEMS: (1) a severe form i.e. spiking morality of turkeys (SMT), which is defined as mortality that equals or exceeds 1 % on 3 consecutive days or 9 % between 8 and 28 days of age; and (2) a mild form, which is defined as mortality greater than 2 % but less than 9 % during the same time period but does not equal or exceed 1 % for three consecutive days. In an experimental study, both morbidity and mortality were recorded in poults experimentally inoculated with TCoV at 2 days of age, however, birds infected at 28 days of age had significant growth retardation but exhibited no mortality [32] .
The TCoV may act synergistically with other pathogens to increase the severity of disease or may predispose the birds to secondary infections. Poults inoculated with only TCoV developed moderate growth depression without mortality and those inoculated with only enteropathogenic Escherichia coli (EPEC) did not develop clinical disease. However, inoculation of poults with TCoV and EPEC simultaneously caused increases in mortality, growth depression, and attaching/effacing lesions [38] .
The affected birds are stunted and dehydrated. Intestines are markedly enlarged and filled with loose yellow contents. Intestinal walls are flaccid and pale. Caeca are also distended with frothy and watery contents. Gross changes such as atrophy of pancreas, spleen and bursa of Fabricius may also be observed along with distended gall bladder and ureters. Infected hens have more pronounced ovarian lesions with misshapen, mal-developed ovaries and accumulation of caseous exudates in the peritoneum. Peritoneal adhesions of the oviduct are also observed.
Depending on the severity of infection, mild multifocal to severe enteritis with villous atrophy is observed. There is sloughing of epithelial cells with congestion and widespread infiltration of lymphocytes and heterophils into the lamina propria of the villi. In addition, bursal follicular lymphoid depletion and thymic cortical atrophy may also occur.
Diagnosis
Clinical signs such as diarrhoea, depression, huddling and stunted growth are indicative of enteric infection. High mortality in young poults may be indicative of PEMS.
Virus isolation, electron microscopy (EM), detection of viral RNA, and serology can help in diagnosis. The virus can be grown in embryonated turkey or chicken eggs but is difficult to grow in cell cultures. Negative contrast EM may reveal virus particles of *50-200 nm size with typical crown-shaped morphology in the intestinal contents. Direct and indirect fluorescent antibody tests and ELISA have been used for the detection of TCoV antigen and antibodies, respectively [30, 31, 37] . High seroprevalence of TCoV has been reported from breeders (71.1 %) and meat turkeys (56.7 %) in Ontario, Canada [31] . In Arkansas, 64.2 % of the serum samples tested positive for antibodies [30] .
Molecular tests to detect and differentiate TCoV from other enteric viruses are available. Different reverse transcription-polymerase chain reaction (RT-PCR) tests are available targeting the 3 0 untranslated region (UTR), S, N and/or M gene of TCoV [11, 12, 16, 89, 92, 104] . Real time RT-PCR has also been developed, which is the most sensitive and specific test in which the viral load can be quantitated in turkey tissues as well as in fecal samples [15] . Direct immunohistochemistry has been advocated as an alternate strategy to RT-PCR to detect TCoV in field samples [14] .
Prevention and control
There is no specific treatment or vaccine available. Biosecurity emphasizing litter management and proper disposal of dead birds and used litter appear to be the only way to prevent the spread of infection. In addition, general measures such as decreased litter moisture, use of antibiotics to combat secondary bacterial infections, and improvement of hygiene may minimize the effects of TCoV enteritis.
Reovirus
Avian reovirus was first isolated from chickens suffering from chronic respiratory disease and was named as the Fahey-Crawley (FC) agent. Later, the FC agent was characterized as a reovirus. In chickens, however, avian reovirus causes many syndromes including viral arthritis/ tenosynovitis. Recently, reoviruses have been isolated from turkey arthritis/tenosynovitis and have been named as TARV (turkey arthritis reovirus) [69] . Reoviruses are mainly of two types: fusogenic and non-fusogenic. Fusogenic viruses have the ability to cause fusion of infected cells, resulting in the formation of multinucleated syncytia whiles non-fusogenic viruses do not cause fusion of infected cells. Non-fusogenic types are mainly mammalian reovirus (MRV) while fusogenic reoviruses affect mammals, birds, and reptiles.
Genome
Reovirus belongs to genus Orthoreovirus in the family Orthoreoviridae. The virus is non-enveloped having icosahedral symmetry and a particle size of 70-80 nm. It contains a double stranded (ds) RNA genome of ten segments, which are divided into three classes named as large (L), medium (M), and small (S) depending on their migration pattern on polyacrylamide gel electrophoresis. The L and M genes are further subdivided into three segments each (L1, L2, L3 and M1, M2, M3, respectively) while the S gene has four segments (S1, S2, S3, S4) [7] . The reovirus genome has 12 open reading frames, which encode for eight structural and four non-structural proteins. The structural proteins are an important part of progeny virions while non-structural proteins are not present in the mature virion and are only expressed in infected cells. The structural proteins encoded by L, M and S genes are lambda (k), mu (l) and sigma (r), respectively. Three structural proteins kA, kB and kC are encoded by L gene segments L1, L2, and L3, respectively. M1 and M2 segments encode two structural proteins (lA and lB), respectively, while M3 segment encodes a non-structural protein (lNS). The three r proteins rC, rA, and rB are encoded by the S1, S2, and S3 segments, respectively, while S4 segment encodes for non-structural protein rNS. S1 segment encodes two additional non-structural proteins namely, p10 and p17 [7, 10] .
Based on sequence analysis of different genes, reoviruses of turkey origin have been reported to differ from chicken reoviruses [20, 44, 45, 52, 88] . For example, the nucleotide and amino acid sequence similarity of S3 segment encoding the sigma B protein of turkey reovirus (TRV) was found to be about 61 and 78-80 %, respectively, when compared to the chicken reovirus isolates [88] . Day et al. [20] reported that sigma C protein of S1 gene of TRV shared 57 % amino acid identity with that of chicken reovirus (reference strain S1133), while p10 and p17 proteins shared 72 and 61 % identity, respectively, with the corresponding S1133 proteins.
The sigma C protein of mammalian reovirus and the fusogenic Nelson Bay reovirus share 25-28 % amino acid identity with the TRV sigma C protein. We have previously reported that S4 gene sequence similarity at the nucleotide level of TRVs was 71.1-74.2 % when compared to reoviruses of chicken origin [45] . These studies indicate that TRVs form a distinct, separate group relative to chicken and other avian reovirus isolates. As a result, TRVs could potentially be considered a separate virus species within subgroup 2 of the Orthoreovirus genus. This view is further supported by experimental studies in which TRVs were unable to produce disease signs in chickens, although they may replicate at low levels in the intestinal tract of chicken. Furthermore, a highly pathogenic reovirus strain of chicken-origin (ARV-1733) causing high mortality in chickens produced no clinical signs in commercial turkeys and only mild clinical signs in specific-pathogenfree turkeys [93] .
Incidence and distribution
About 85-90 % of reovirus isolates are non-pathogenic types. Pathogenic strains of reoviruses have been associated with various disease conditions in chickens and turkeys. In turkeys, this virus has been detected in several different enteric disease conditions namely LTS, PEC, PES, myocarditis, and recently in arthritis/tenosynovitis [6, 28, 39, 44, 47, 68, 69, 90, 91] . In a study of 33 turkey flocks, 46 % of the flocks were positive for reoviruses [75] . Jindal et al. [44] tested intestinal contents of 43 PESaffected flocks during 2007-2008 and reported the presence of reovirus in 40 % flocks. Enteritis caused by reovirus mainly occurs in young turkey poults of 1-7 weeks of age and the incidence is higher in birds of 1-3 weeks of age, which decreases with the advancement of age.
Reoviruses have also been detected in apparently healthy chickens and turkeys [45, 68, 75] . In a study of five healthy turkey breeder flocks, 10.4 % of the 193 samples tested (from age 1 to 9 weeks) were reovirus positive [45] . 
Transmission
Horizontal transmission through the fecal oral route is common. Due to stability of virus in the environment mechanical transmission may also occur. Different strains of reovirus vary in their ability to spread horizontally. Vertical transmission of enteric reovirus infection is suspected but not proven.
Clinical signs and pathology
Affected birds have diarrhoea, depression, ruffled feathers, and reduced weight gain [93] and mortality. The ARV infection may also predispose birds to secondary complications or may act synergistically along with other infections. It has been reported that ARV infection may potentiate coccidial infection in broiler chickens [85] . The possibility of synergistic action of TRV with other pathogens in turkeys also exists.
In most cases the intestinal contents are frothy and watery. Atrophy of bursa of Fabricius has been observed in some cases [22, 93] . Intestinal lesions consist of mild crypt hyperplasia due to infiltration of lymphocytes, heterophils and eosinophils in lamina propria and submucosa at 11-14 days post-infection. Moderate to severe follicular lymphocyte depletion is seen in bursa of Fabricius [22, 93] . In addition to bursal atrophy, there can be mild to moderate lymphoid depletion in the spleen and lymphocytic infiltration in the liver, pancreas, heart, and proventriculus.
Diagnosis
Diarrhoea in a flock is an indication of enteric infection. It is difficult to pin point the virus/agent involved on the basis of diarrhoea alone and laboratory tests are needed for confirmation. Electron microscopy may reveal the presence of *70-80 nm size virus particles in the intestines of infected birds. The virus grows well in the embryonated chicken egg via yolk sac or chorioallantoic membrane routes and has also been isolated in primary chicken embryo liver cells (CEL), chicken embryo kidney cell (CEK), and Japanese Quail fibrosarcoma (QT-35) cells. Due to the fusogenic nature of TRVs, a characteristic cytopathic effect (CPE) is observed in inoculated cell cultures. ELISA kits are commercially available for the detection of antibodies against chicken reovirus but no such specific kits are presently available for turkey reovirus. Recently, we have developed an ELISA test for the detection of antibodies against turkey reovirus. In this test, we cloned and expressed S1 sigma C protein and used it as an antigen for the detection of antibody against TRV (Mor et al. unpublished data) .
Several RT-PCR tests targeting different gene segments of reovirus are available [4, 20, 44, 45, 52, 88] . Real time RT-PCR is the most sensitive and specific test in which the viral load in clinical samples can be quantitated. A robust, ultrasensitive, and accurate quantitative assay for ARV with the Light Cycler SYBR Green-based real-time RT-PCR was developed which could detect 39 copies/microl of ARV genomic RNA [53] . Recently, a highly sensitive and specific real time RT-PCR for the detection of TRVs has been developed in our laboratory. We designed primers and probes from the S4 genome segment. The test is specific for TRVs (turkey enteric and arthritis reoviruses) and can detect up to 10 copies of in vitro transcribed standard viral RNA per reaction (Mor et al. unpublished data).
Prevention and control
There is no effective treatment against reoviral infections. The virus is ubiquitous in nature and due to its high stability in the environment, it is difficult to make birds and farms free from reovirus. Currently there is no vaccine available for turkey reoviruses and hence biosecurity remains the only way to control infection.
Rotavirus
Rotaviruses are important pathogens that are associated with neonatal diarrhoea in humans and in a wide range of animals and poultry. This virus has also been detected from commercial broiler chickens affected with runting and stunting syndrome [72] .
Genome
Rotaviruses are RNA viruses belonging to the genus Rotavirus and family Reoviridae. The genome of rotavirus consists of 11 segments of double-stranded RNA; the RNA is surrounded by a triple layer of icosahedral protein capsid. Each segment codes for at least one protein. The outer protein layer is composed of two major neutralizing antigens-viral protein 4 (VP4) and viral protein 7 (VP7). Viral protein 6 (VP6) of the second layer of the capsid is called the group antigen, which is used for detection and classification of rotavirus into distinct groups. In addition, at least five nonstructural proteins are encoded by the rotavirus genome.
Based on the antigenic properties of VP6, the ICTV divided rotaviruses into five serological species (A-E) and two additional species (F and G) [81] , which are also called rotavirus groups. Groups A, B and C are known to infect humans and animals, while groups D, E, F and G infect only animals, mainly birds [50, 63, 102] . Recently, a potentially new RV species, rotavirus H, has been reported [64] . These authors maintain that an amino acid sequence cutoff value of 53 % permits differentiation of various rotavirus species.
In contrast to group A avian rotaviruses, group D rotaviruses cannot be propagated in MA104 cells [25] and are mainly identified by the 5:2:2:2 electrophoretic migration pattern of their genome segments, which is considerably different from the 5:1:3:2 pattern of avian group A rotaviruses. However, classification of a rotavirus strain only on the basis of its RNA migration profile is problematic due to the possible occurrence of genome rearrangements. Unlike group A rotaviruses, which preferentially infect duodenal cells, group D viruses have a predilection for the jejunum and ileum.
The rotavirus of turkey origin differs from rotavirus of chicken origin [58] . For example, amino acid sequence homology of VP7 gene of the Ty-1strain (turkey) to that of the avian Ch-2 VP7 was reported to be only 70 % [58] . The A, B, and C variable epitope regions of Ty-1 were unique compared to those of Ch-2 and other strains representing the 14G serotypes. The low homology (53 %) of the A and C regions of Ty-1 and Ch-2 suggested that Ty-1 strain may be of a different serotype than the G7 reference strain Ch-2. Comparison of the sequences of different genes (VP4, VP6, VP7, NSP5) of turkey and chicken rotaviruses revealed that interspecies transmission and reassortment among avian group A rotaviruses may occur [87] .
Incidence and distribution
Rotaviruses have worldwide distribution and have been reported from healthy as well as enteritis-affected turkeys [44, 45, 69, 71, 75, 77, 99] . Periodic monitoring of commercial turkey flocks revealed the circulation of four groups (on basis of NSP4 gene sequence analysis) of rotaviruses. Among the four rotavirus groups, there were 96.1-97.5 and 97.5-99.55 % similarities at the nucleotide and amino acid levels, respectively [77] . The rotaviruses were present before placement as well as after placement until 12 weeks of age [77] . In another study of 33 turkey and 43 chicken flocks, rotaviruses were detected in 46 % of chicken flocks and 70 % of turkey flocks [75] . We have also reported the presence of rotaviruses in apparently healthy turkey breeder flocks with maximum occurrence until 5 weeks of age [45] . In another study, 93 % of PESaffected flocks were positive for rotaviruses [44] . In a surveillance study, Mor et al. [68] reported six (7.5 %) fecal sample pools to be positive for rotavirus in LTS affected flocks while 13 (33 %) sample pools were positive from non-LTS flocks.
Rotavirus detection is greater in young poults and the detection rate decreases as the age advances. In PES and LTS surveillance, maximum number of poults was positive for rotavirus at 2-5 weeks of age followed by a decrease in the number of positive samples at 8-9 weeks of age [44, 45, 68] . It has been shown that primers based on a highly conserved region of rotavirus genome (specifically, the non-structural proteins NSP3 or NSP4) are suitable for the identification of rotavirus in different clinical, animal or environmental samples via conventional or real-time RT-PCR [51, 84] . In a study from Europe, rotaviruses in chickens and turkeys were identified using two different methods i.e. polyacrylamide gel electrophoresis with RT-PCR and real time RT-PCR assays specific for group A and D rotaviruses [71] . These results indicate that further studies are needed to accurately determine the types of rotaviruses circulating in turkey flocks in different geographic locations.
Transmission
Fecal oral route is the main route of horizontal transmission. Virus can survive in the environment for a long time and hence mechanical transmission may play a role in its transmission. Vertical transmission of rotavirus has been suspected but has not been confirmed so far. For example, Pantin-Jackwood et al. [77] detected rotaviruses in 50 % of the samples tested prior to bird placement. Based on this information, the authors opined that rotavirus may be transmitted vertically. We have also detected rotaviruses in 2-day-old commercial poults and in breeder poults [45, 47] indicating that vertical transmission of rotavirus may occur.
Interspecies transmission of rotavirus has also been described [87, 103] . In one study, group A bovine-origin rotaviruses (n = 6) were detected in enteric contents of turkeys [2] . The electropherotypes showed a migration pattern identical to the Nebraska calf diarrhoea virus, and the complete NSP4 gene phylogeny showed that all six strains segregated in genotype E2 thereby confirming them to be bovine rotavirus. Avian rotaviruses have not been detected in humans and human rotaviruses have not been found to contain avian rotavirus sequences [87] indicating low probability of human infection with avian rotaviruses.
Clinical signs and pathology
Dullness, depression, watery droppings, loss of appetite, pasting of vent and reduced weight gain are consistent findings in affected birds. Mortality may or may not be present and morbidity may vary. Rotavirus infection in laying hens may result in a drop in egg production.
In most cases frothy and watery intestinal contents are observed. Pallor of the intestinal tract and distension of the cecum with frothy or non-frothy fluid contents may be observed. Other gross pathological findings are dehydration, stunted growth, and pasty vents. Multifocal and superficial erosions in duodenum and jejunum are also noticed. Most common microscopic changes are hypercellularity of lamina propria due to infiltration of heterophils, eosinophils and mononuclear cells and villus atrophy. Scanning electron microscopy indicate roughened villus surfaces, distortion of the normal morphologic features of the villi and loss of microvilli in cells located on the tips of the villi. In chickens, different rotavirus strains may have different preferential sites of replication. For example, McNulty et al. [66] reported that in experimentally infected chickens, group A rotavirus had affinity for duodenum while group D rotavirus preferred jejunum and ileum.
Diagnosis
Diarrhoea, dehydration, and decreased weight gain in a flock is indicative of enteric infection. The EM of intestinal contents and faeces reveals the presence of *70 nm (approximately 50-70 nm) size viral particles with distinctive ''wheel like'' appearance. Although difficult to isolate, the virus does grow in MA104 cells with trypsin treatment. A coagglutination test has been used for the detection of rotaviruses in turkeys and has been found to be a simple and rapid screening test. Polyacrylamide gel electrophoresis is commonly used for detection of characteristic migration pattern of the 11 genome segments of rotavirus and is almost as sensitive as EM.
Several RT-PCR and real time RT-PCR targeting different genome segments of rotavirus are available for virus detection [8, 21, 77] . Recently, a highly sensitive and specific one step-real time RT-PCR targeting the nonstructural protein 4 (NSP4) with internal control system for detection of turkey rotaviruses has been reported [1] .
Prevention and control
There is no specific control for rotavirus infections. Obtaining poults from rotavirus-free sources and the implementation of proper biosecurity measures are the ways to minimize rotavirus infection in a flock.
Astrovirus
Turkey astrovirus (TAstV) was first detected in turkey poults of 6-11 days of age with diarrhoea and increased mortality in UK. In the US, TAstV was detected from turkey poults and was later named as TAstV-1. Subsequently, a TAstV associated with PEMS was isolated and characterized. This virus was genetically and immunologically distinct from the previously described US isolate, TAstV-1, and was named as TAstV-2 [56, 86] . In addition to TAstV-1 and TAstV-2, an astrovirus of chicken origin i.e. avian nephritis virus (ANV) has also been detected in turkeys [26, 75] . The ANV was first described as a small round virus, then as a picornavirus, and was later determined to be an astrovirus [40] . Thus, three astrovirus types (TAstV-1, TAstV-2, and ANV) have been detected in turkeys. However, sequence data suggest that many more types maybe present in nature [94] . In the 1980s, all detected astroviruses were strictly confined to the GI tract of poults and there was no evidence of systemic disease. However, TAstV was also detected in thymus and bursa, suggesting a possible effect on the immune system [86] . Detection of astroviruses in chicken and turkey flocks affected with enteric and/or locomotive disorders (tenosynovitis) has also been reported [26, 82] .
Genome
Astroviruses are non-enveloped RNA viruses of 25-35 nm diameter belonging to the genus Avastrovirus of the Astroviridae family. The astrovirus genome consists of RNA of 6.8-7.9 kb and has a 5 0 UTR followed by three ORFs, a 3 0 UTR, and a poly-A tail. ORF-1a encodes for the serine protease and other nonstructural proteins, ORF-1b for the RNA-dependent RNA polymerase, and ORF-2 for the capsid protein. The overall length of the genomes of three astroviruses viz. TAstV-1 (7,003 nt), TAstV-2 (7,325 nt) and ANV (6,927 nt) varies; this length excludes the poly-A tail [55] .
Most studies on detection and characterization of TAstVs have been carried out by molecular methods using primers specific for the capsid or polymerase gene. A number of studies have indicated variations at the nucleotide and amino acid levels in the capsid gene and/or polymerase gene of TAstVs [13, 44-46, 78, 79, 97] . A high level of genetic variation has been reported among turkey astroviruses from US turkey flocks [78] . The nucleotide sequence identity in the capsid gene, associated with serotype and viral pathogenesis, was as low as 69 % but the polymerase gene was more conserved with 86-99 % nucleotide identity. Recently, phylogenetic analysis of the capsid precursor protein revealed extensive variations in the amino acid sequences of TAstV-2 (81.5-100 %) but not in TAstV-1 (96.2-100 %) [79] . We have also detected variations at the amino acid level in the capsid gene of TAstV-2 [44, 46] . These changes suggest that different serotypes of turkey astrovirus may exist in nature. Studies on complete capsid gene sequences from apparently healthy and PEC-affected flocks from different geographic areas are indicated for better understanding of TAstV Turkey enteric viruses 179 serotypes circulating in turkeys. Changes in the capsid gene due to mutations or recombination may have an effect on the antigenicity and pathogenicity of the viruses, and consequently have practical implications for virus detection methods, epidemiological studies and development of potential vaccines against astrovirus infections.
Incidence and distribution
A number of studies have been undertaken to detect the presence of TAstVs in turkey flocks using different methods. Previously, the viruses in intestinal samples were detected by direct EM or immune EM. However, most of the recent studies use molecular tools such as RT-PCR and sequencing for detecting the presence of different astroviruses [36, 56, 57, 108] . In a US survey of eight commercial turkey operations and a research unit, 89.5 % of 96 intestinal content samples were positive for astrovirus by RT-PCR [77] . In a Minnesota study, 84 % of the 43 PESaffected turkey flocks were found positive for TAstV-2 by RT-PCR [44] . These samples were not tested for the presence of TAstV-1 and ANV, hence the presence of TAstV-1 and ANV in these samples cannot be ruled out. A number of other studies have also revealed high prevalence of TAstVs in US turkey flocks [75, 77, 78] . Studies on the prevalence of TAstVs have also been undertaken in other turkey-raising countries [17, 27, 62, 70, 74] . Da Silva et al. [17] reported TAsV in young poults affected with PEC in Brazil. In another study in Brazil, TAsV-1, TAstV-2, and ANV were identified in 64.5, 44.7 and 35.5 % of intestinal samples, respectively [70] . Of these, TAstV-1 and TAstV-2 were more prevalent in enteritis-affected turkey flocks. Domanska-Blicharz et al. [27] reported TAstV-2 to be the most prevalent virus in Poland; 30 of 77 turkey flocks (38.9 %) were positive. TAstV-1 was detected in only nine flocks while ANV in one flock. These three viruses were detected either as single or mixed infections. Testing of 23 intestinal samples from fattening turkeys showing clinical signs of enteritis revealed the presence of TAstV-2 in 17 samples in Croatia [62] .
The TAstVs have not only been detected in enteritisaffected turkey flocks but have also been found in apparently healthy turkey flocks [45, 68, 78] . Jindal et al. [45] tested 193 pooled fecal samples of apparently healthy breeder turkey poults by RT-PCR and found 47.2 % to be positive for TAstV-2.
Transmission
Transmission of astroviruses is by the faecal-oral route. Healthy birds may be exposed to astrovirus either through direct contact with infected faeces or with materials contaminated with faeces. Astrovirus infections are thought to be species specific but recent reports indicate interspecies transmission [23, 101] . Thus, TAstV-2 and ANV have been detected in ducks (Anas platyrhynchos domesticus) [9] . Cross-species transmission and virus adaptation to new hosts or co-infection of the same host with different astroviruses may lead to the emergence of novel astroviruses that infect animals or that have a zoonotic potential [24] .
Clinical findings and pathology
As in rota-and reovirus infections, astroviruses also cause diarrhoea, dehydration and retarded growth. Similar observations of diarrhoea and retarded growth in experimental poults inoculated with material containing TAstVs have been reported [48, 49, 76] . Experimental studies have been undertaken to ascertain the type of clinical disease produced by TAstVs having variant capsids or those that differed in their source of origin. For example, PantinJackwood et al. [76] studied the pathogenicity of three different TAstV-2 viruses in specific-pathogen-free turkeys and found that TAstV-2 viruses with variant capsids produced a similar enteric disease in young turkeys. Mor et al. [67] found that TAstV-2 from PES birds was more pathogenic than that from apparently healthy poults. Astrovirus can potentially impair the immune response, thereby leading to enhanced susceptibility of turkeys to secondary bacterial infections [80] .
Dehydration, distended intestines filled with watery contents and undigested feed, and dilated caeca with foamy contents are the necropsy findings. Mild to moderate bursal atrophy along with loss of intestinal tonicity may occur. Mild epithelial necrosis, lamina propria infiltrates and mild crypt hyperplasia are the histological findings.
Diagnosis
Diarrhoea, dehydration and decreased weight gain are indications of enteric infection. Negative contrast EM reveals virus particles having five or six projections on their surface, resembling a star. The star like morphology is not always maintained or clearly distinguishable. For this reason the AstVs by EM can be confused with picornavirus, picornavirus-like, enterovirus, and entero-like viruses. Secondly, poults may display clinical findings and pathology at a later stage in astrovirus infection but the intestinal contents may not have detectable astrovirus particles. In such a situation, even though the disease has occurred, the testing results may be negative. Molecular techniques have been used for detection and further characterization of the astroviruses. Most of the RT-PCR based assays have used primers specific to the polymerase or capsid gene of the TAstVs [56, 57, 96] .
Mixed viral infections
Although individual viruses have been detected in enteritisaffected turkey flocks, most studies point to the presence of two or more enteric viruses [44, 45, 62, 68, 70, 75, 77, 105, 107] . Periodic monitoring of eight commercial turkey flocks in the US revealed continuous presence of TAStV and rotavirus [77] . Of the 96 samples tested, 89.5 % were positive for astrovirus and 67.7 % for rotavirus. All flocks were negative for TCoV, reovirus, and group 1 adenovirus at all sampling points. In another study, the presence of astroviruses was reported in 100 % of the turkey flocks tested [75] . TAstV-2 and TAstV-1 were found in 100 and 15.4 % of the turkey flocks, respectively. In addition, 12.5 % of turkey flocks were positive for ANV. Rotaviruses and reoviruses were present in 69.7 and 45.5 % of the flocks, respectively, while coronavirus and adenovirus were not detected.
Intestinal contents from 43 PES flocks in Minnesota were tested for the presence of enteric viruses by RT-PCR. All 43 flocks were positive for rotavirus or TAstV-2 or reovirus. The viruses in all cases were detected either alone or in combination of 2 or 3. Eight flocks (19 %) were positive for a single virus and the remaining 35 (81 %) had a combination of viruses. Fifteen flocks were positive for all three viruses. None of the flocks tested was found positive for TCoV [44] . Studies conducted in Brazil revealed the presence of 69.7 % of multiple viruses in intestinal samples of turkeys. The intestinal samples most often harbored 3-4 viruses per sample with viruses from the astrovirus family (TAstV-1, TAstV-2, or ANV, or a combination of these) being present in all of the samples that tested positive for viruses [70] .
It is possible that viruses in combination may cause more severe adverse effects in poults than caused by an individual virus. In one study, turkey poults inoculated with a combination of TAstV-2, turkey reovirus and rotavirus had considerably lower body weights than controls [91] . In experimental studies, we have also reported that oral inoculation of poults with PES material (positive for rotavirus, TAstV-2, and Salmonella) led to significant growth retardation for up to 50 days post-inoculation and at no point post-inoculation did any of the challenged birds' weight converge with that of controls. The intestinal contents were watery and foamy/frothy (Figs. 1, 2 ) of the poults inoculated with PES material [49] . Similarly, turkey poults inoculated with intestinal contents from LTS-affected birds had significantly lower body weights at 20 weeks of age compared to poults inoculated with intestinal contents from non-LTS birds [68] . This extent of growth depression due to poult enteritis may lead to considerable economic losses to turkey growers as the affected birds may not attain the anticipated weight at marketing. At the farm level, the role of agents other than these four common viruses (TAstV, rotavirus, reovirus and coronavirus) in causing and/or increasing the severity of the enteric viruses cannot be ruled out. In addition, nutritional factors and management may also play a role in causing enteritis in a flock. Steps such as improvement in management practices and antimicrobial therapy to minimize losses have met with limited success [5] . No vaccine against enteric viruses is currently available.
Enteric viruses are usually detected by EM, serology, and PCR. Most of these viruses are difficult to grow in embryonating chicken/turkey eggs and cell cultures [95] . Hence, several single and multiplex RT-PCR (mRT-PCR) assays have been developed for the detection of turkey astrovirus, turkey rotavirus, turkey coronavirus, and turkey reovirus [21, 43, 56, 77, 89, 92] . Multiplex RT-PCR assays save time and money as two or more viruses can be detected in a single reaction. General conclusions and future directions Enteric viruses (TAstV, rotavirus, reovirus and coronavirus) are widespread in turkey flocks but their clinical importance is not clear. The full impact of these viruses on flock performance needs to be thoroughly investigated. Although virally induced enteric diseases are an economic burden on turkey farmers, no single virus has emerged as a likely causative agent so that appropriate prevention and control efforts can be formulated [18] . In several studies, two or more different viruses have been detected simultaneously indicating that multiple viruses may be involved in the pathogenesis of enteritis. The prevalence of viruses from the same genus in intestines of both healthy and poorly performing birds indicates the existence of different pathotypes of the virus. Further studies are needed to determine the validity of these statements.
With the advent of molecular diagnostic assays and sequencing, our understanding about enteric viruses has increased. There is also a possibility that our current methods cannot detect some yet unknown virus(es)/pathogens that may have implications in turkey enteritis. The availability and use of next generation high-throughput nucleic acid pyrosequencing techniques, such as Illumina sequencing, may reveal sequences of agents that have not been previously reported in turkeys. Metagenomic studies of the RNA viruses in the gut of turkeys experiencing enteric disease revealed the presence of sequences from dsRNA viruses (Reoviridae and Picobirnaviruses) and ssRNA viruses (Caliciviridae, Leviviridae, Picornaviridae, and Astroviridae) [18] . Detection of unknown viruses by the metagenomics approach would pave the way to develop diagnostic methods for these viruses. Further, there is a need to determine why the same virus types are found in enteritis-affected turkey flocks as well as in apparently healthy flocks. Complete understanding of the contribution of enteric viruses and other pathogens in enteric diseases of turkeys will go a long way in the development of preventive and control measures.
